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WHITE PAPER RESPONSE TO ESA CALL FOR VOYAGE 2050 SCIENCE THEME
In Situ Exploration of the Giant Planets
Abstract
Remote sensing observations suffer significant limitations when used to study the bulk atmospheric composition
of the giant planets of our solar system. This impacts our knowledge of the formation of these planets and
the physics of their atmospheres. A remarkable example of the superiority of in situ probe measurements was
illustrated by the exploration of Jupiter, where key measurements such as the determination of the noble gases’
abundances and the precise measurement of the helium mixing ratio were only made available through in situ
measurements by the Galileo probe. Here we describe the main scientific goals to be addressed by the future
in situ exploration of Saturn, Uranus, and Neptune, placing the Galileo probe exploration of Jupiter in a broader
context. An atmospheric entry probe targeting the 10-bar level would yield insight into two broad themes: i) the
formation history of the giant planets and that of the Solar System, and ii) the processes at play in planetary
atmospheres. The probe would descend under parachute to measure composition, structure, and dynamics, with
data returned to Earth using a Carrier Relay Spacecraft as a relay station. An atmospheric probe could represent
a significant ESA contribution to a future NASA New Frontiers or flagship mission to be launched toward Saturn,
Uranus, and/or Neptune.
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1. Context
1.1 Why In Situ Measurements in Giant Planets?
Giant planets contain most of the mass and the angular momen-
tum of our planetary system and must have played a significant
role in shaping its large scale architecture and evolution, in-
cluding that of the smaller, inner worlds [1]. Furthermore, the
formation of the giant planets affected the timing and efficiency
of volatile delivery to the Earth and other terrestrial planets [2].
Therefore, understanding giant planet formation is essential
for understanding the origin and evolution of the Earth and
other potentially habitable environments throughout our solar
system. The origin of the giant planets, their influence on
planetary system architectures, and the plethora of physical
and chemical processes at work within their atmospheres make
them crucial destinations for future exploration. Since Jupiter
and Saturn have massive envelopes essentially composed of
hydrogen and helium and (possibly) a relatively small core,
they are called gas giants. Uranus and Neptune also contain
hydrogen and helium atmospheres but, unlike Jupiter and Sat-
urn, their H2 and He mass fractions are smaller (5–20%). They
are called ice giants because their density is consistent with
the presence of a significant fraction of ices/rocks in their in-
teriors. Despite this apparent grouping into two classes of
giant planets, the four giant planets likely exist on a contin-
uum, each a product of the particular characteristics of their
formation environment. Comparative planetology of the four
giants in the solar system is therefore essential to reveal the
potential formational, migrational, and evolutionary processes
at work during the early evolution of the early solar nebula.
As discussed below, in situ exploration of the four giants is the
means to address this theme.
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Figure 1. Enrichment factors (with respect to the protosolar value) of noble gases and heavy elements measured in Jupiter,
Saturn, Uranus, and Neptune. Error bars, central values and planets share the same color codes (see [4] for references).
Much of our understanding of the origin and evolution
of the outer planets comes from remote sensing by necessity.
However, the efficiency of this technique has limitations when
used to study the bulk atmospheric composition that is cru-
cial to the understanding of planetary origin, primarily due
to degeneracies between the effects of temperatures, clouds
and abundances on the emergent spectra, but also due to the
limited vertical resolution. In addition, many of the most abun-
dant elements are locked away in a condensed phase in the
upper troposphere, hiding the main volatile reservoir from the
reaches of remote sensing. It is only by penetrating below the
“visible” weather layer that we can sample the deeper tropo-
sphere where those elements are well mixed. A remarkable
example of the superiority of in situ probe measurements is
illustrated by the exploration of Jupiter, where key measure-
ments such as the determination of the abundances of noble
gases and the precise measurement of the helium mixing ratio
have only been possible through in situ measurements by the
Galileo probe [3].
The Galileo probe measurements provided new insights
into the formation of the solar system. For instance, they
revealed the unexpected enrichments of Ar, Kr and Xe with
respect to their solar abundances (see Figure 1), which sug-
gested that the planet accreted icy planetesimals formed at
temperatures possibly below ∼50 K to enable the trapping of
these noble gases. Another remarkable result was the deter-
mination of the Jovian helium abundance using a dedicated
instrument aboard the Galileo probe [5] with an accuracy of
2%. Such an accuracy on the He/H2 ratio is impossible to de-
rive from remote sensing, irrespective of the giant planet being
considered, and yet precise knowledge of this ratio is crucial
for the understanding of giant planet interiors and thermal
evolution. The Voyager mission has already shown that these
ratios are far from being identical in the gas and icy giants,
which presumably result from different thermal histories and
internal processes at work. Another important result obtained
by the mass spectrometer onboard the Galileo probe was the
determination of the 14N/15N ratio, which suggested that nitro-
gen present in Jupiter today originated from the solar nebula
essentially in the form of N2 [6]. The Galileo science payload
unfortunately could not probe to pressure levels deeper than 22
bar, precluding the determination of the H2O abundance at lev-
els representative of the bulk oxygen enrichment of the planet.
Furthermore, the probe descended into a region depleted in
volatiles and gases by unusual “hot spot” meteorology [7, 8],
and therefore its measurements are unlikely to represent the
bulk planetary composition. Nevertheless, the Galileo probe
measurements were a giant step forward in our understanding
of Jupiter. However, with only a single example of a giant
planet measurement, one must wonder to what extent from
the measured pattern of elemental and isotopic enrichments,
the chemical inventory and formation processes at work in our
solar system are truly understood. In situ exploration of giant
planets is the only way to firmly characterize their composition.
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In this context, one or several entry probes sent to the atmo-
sphere of any of the other giant planets of our solar system
is the next natural step beyond Galileo’s in situ exploration
of Jupiter, the remote investigation of its interior and gravity
field by the Juno mission, and the Cassini spacecraft’s orbital
reconnaissance of Saturn.
In situ exploration of Saturn, Uranus or Neptune’s atmo-
spheres addresses two broad themes. First, the formation
history of our solar system and second, the processes at play
in planetary atmospheres. Both of these themes are discussed
throughout this White Paper. Both themes have relevance far
beyond the leap in understanding gained about an individual
giant planet: the stochastic and positional variances produced
within the solar nebula, the depth of the zonal winds, the prop-
agation of atmospheric waves, the formation of clouds and
hazes and disequilibrium processes of photochemistry and ver-
tical mixing are common to all planetary atmospheres, from
terrestrial planets to gas and ice giants and from brown dwarfs
to hot exoplanets.
1.2 Entry Probes in the Voyage 2050 Programme
The in situ exploration of Saturn, Uranus, and/or Neptune fits
perfectly within the ambitious scope of the ESA Voyage 2050
Programme. A Saturn entry probe proposal has already been
submitted to the ESA M4 and M5 calls in 2015 and 2016, re-
spectively. Experience from these submissions shows that the
development of entry probes match well the envelope allocated
to ESA M-class missions provided that the carrier is provided
by another space agency. Selection for phase A failed during
the M4 and M5 evaluations because of the lack of availability
of a NASA carrier at the envisaged launch epoch. An ideal
combination would be a partnership between ESA and NASA
in which ESA provides an entry probe as an important element
of a more encompassing NASA New Frontiers or Flagship
mission toward Saturn, Uranus, or Neptune. A joint NASA-
ESA Ice Giant Study Science Definition Team (SDT) has been
set in 2016-2017 to investigate the best mission scenarios ded-
icated to the exploration of Uranus and Neptune in terms of
science return [9]. The conclusions of the study outline the
high priority of sending an orbiter and atmospheric probe to at
least one of the ice giants. The mission architectures assessed
by the 2017 NASA SDT showed that 2030–34 were the opti-
mal launch windows for Uranus, but it would be even earlier
(2029–30) for Neptune, depending on the use of Jupiter for a
gravity assist. An internal ESA study led at the end of 2018
(ESA M* Ice Giant CDF study 1) shows that the technology
is available in Europe to provide a probe to NASA1 in the
framework of a joint mission. Apart the DragonFly mission
1http://sci.esa.int/future-missions-department/61307-cdf-study-report-
ice-giants/
dedicated to the exploration of Titan and recently selected by
NASA for launch in 2026, future New Frontiers proposals
could also be devoted to the in situ exploration of Saturn [10].
The selection of such proposals could create an ideal context
for ESA to contribute an entry probe to NASA. Under those
circumstances, the dropping of one or several probes could be
envisaged in the atmosphere of Saturn.
2. Science Themes
2.1 Elemental and Isotopic Composition as a Win-
dow on the Giant Planets Formation
The giant planets in the solar system formed 4.55 Gyr ago from
the same material that engendered the Sun and the entire solar
system. Protoplanetary disks, composed of gas and dust, are
almost ubiquitous when stars form, but their typical lifetimes
do not exceed a few million years. This implies that the gas
giants Jupiter and Saturn had to form rapidly to capture their
hydrogen and helium envelopes, more rapidly than the tens
of millions of years needed for terrestrial planets to reach
their present masses [11, 12, 13]. Due to formation at fairly
large radial distances from the Sun, where the solid surface
density is low, the ice giants Uranus and Neptune had longer
formation timescales (slow growth rates) and did not manage
to capture large amounts of hydrogen and helium before the
disk gas dissipated [14, 15]. As a result, the masses of their
gaseous envelopes are small compared to their ice/rock cores.
A comparative study of the properties of these giant planets
thus gives information on spatial gradients in the physical
and chemical properties of the solar nebula as well as on
stochastic effects that led to the formation of the solar system.
Data on the composition and structure of the giant planets,
which hold more than 95% of the mass of the solar system
outside of the Sun, remain scarce, despite the importance
of such knowledge. The formation of giant planets is now
largely thought to have taken place via the core accretion
model in which a dense core is first formed by accretion and
the hydrogen-helium envelope is captured after a critical mass
is reached [16, 11]. When the possibility of planet migration
is included [17, 18], such a model may be able to explain the
orbital properties of exoplanets, although lots of unresolved
issues remain [19, 20]. An alternative giant planets formation
scenario is also the gravitational instability model [21, 22], in
which the giant planets form from the direct contraction of a
gas clump resulting from local gravitational instability in the
disk.
In the following, we briefly review the interior models,
as well as the chemical and isotopic compositions of the four
giants of our solar system. We also investigate the enrichment
patterns that could be derived from in situ measurements by
entry probes in the giant planets atmospheres to derive hints
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on their formation conditions. We finally summarize the key
observables accessible to an atmospheric probe to address the
scientific issues to the formation and evolution of the giant
planets.
Interior Models Interior models for the present state of the
planets serve as a link between the formation scenarios out-
lined above and observations. Notably, recent interior models
of Jupiter that fit the gravity data observed by NASA’s cur-
rent Juno spacecraft are consistent with a deep interior that
is highly enriched in heavy elements up to about 60% of the
planet’s radius. Comparison of such interior models to mod-
els of Jupiter’s formation and evolution implies that the deep
interior still retains a memory of the infall of planetesimals at
the time of formation [23]. In that scenario, accretion of heavy
elements into the growing envelope led to persistent compo-
sitional gradients that are still inhibiting efficient convection
and mixing. However, Jupiter interior models greatly differ
in the predicted amount of heavy elements in the atmosphere,
which is accessible to observations. Predictions range from
less than 1 × solar [24] over 1–2 × solar [25] to ∼6 × solar
[23]. These differences are mostly due to uncertainties in the
H/He Equation of State (EOS) and can be compared with the
atmospheric abundances of elements measured in giant plan-
ets atmospheres provided they are representative of the bulk
envelope. Such comparisons are highly valuable for constrain-
ing formation models and for a better understanding of the
interplay between the H/He EOS and the structure of gaseous
planets. In the case of Jupiter, at minimum the heavy noble gas
abundances measured by the Galileo probe serve that purpose.
NASA’s Juno mission currently tries to obtain the H2O abun-
dance. However, the microwave spectra are highly influenced
by the NH3 abundances rendering the quantitative assessment
through remote sensing difficult. Bulk heavy element masses
in Jupiter are estimated to range from ∼25 M⊕[24] to over
∼32 M⊕[25] up to 40 M⊕[23].
In the case of Saturn, the mass of heavy elements can vary
between 0 and ∼7 M⊕ in the envelope, and between 5 and
20 M⊕ in the core [26]. Similar to Jupiter, potential compo-
sitional inhomogeneities in Saturn could be the outcome of
the formation process [11] and/or the erosion of a primordial
core that could mix with the surrounding metallic hydrogen
[27, 28]. In addition, it is possible that double diffusive con-
vection occurs in the interior of Saturn [29, 30]. If a molecular
weight gradient is maintained throughout the planetary enve-
lope, double-diffusive convection would take place, and the
thermal structure would be very different from the one that is
generally assumed using adiabatic models, with much higher
center temperatures and a larger fraction of heavy elements. In
this case, the planetary composition can vary substantially with
depth and therefore, a measured composition of the envelope
would not represent the overall composition. While standard
interior models of Saturn assumed three layers and similar
constraints in terms of the helium to hydrogen ratio, they can
differ in the assumption on the distribution of heavy elements
within the planetary envelope: homogeneous distribution of
heavy elements apart from helium, which is depleted in the
outer envelope due to helium rain [31, 26] or interior structure
models allowing the abundance of heavy elements to be dis-
continuous between the molecular and the metallic envelope
[32, 33]. At present, it is not clear whether there should be a
discontinuity in the composition of heavy elements, and this
question remains open.
Because of the scarcity of data, the interiors of Uranus and
Neptune are even less constrained. Improved gravity field data
derived from long-term observations of the planets’ satellite
motions suggests however that Uranus and Neptune could have
different distributions of heavy elements [33]. These authors
estimate that the bulk masses of heavy elements are ∼12.5
M⊕ for Uranus and ∼14 M⊕ for Neptune. They also find
that Uranus would have an outer envelope with a few times
the solar metallicity which transitions to a heavily enriched
(∼90% of the mass in heavy elements) inner envelope at 0.9
planet’s radius. In the case of Neptune, this transition is found
to occur deeper inside at 0.6 planet’s radius and accompanied
with a more moderate increase in metallicity. Direct access
to heavy materials within giant planet cores to constrain these
models is impossible, so we must use the composition of the
well-mixed troposphere to infer the properties of the deep
interiors. It is difficult for remote sounding to provide the
necessary information because of a lack of sensitivity to the
atmospheric compositions beneath the cloudy, turbulent and
chaotic weather layer. These questions must be addressed by in
situ exploration, even if the NASA Juno mission is successful
in addressing some of them remotely at Jupiter.
Giant Planets Composition The abundances of most sig-
nificant volatiles measured at Jupiter, Saturn, Uranus, and
Neptune are summarized in Tables 1 and 2. The composition
of giant planets is diagnostic of their formation and evolution
history. Measuring their heavy element, noble gas, and isotope
abundances reveals the physico-chemical conditions and pro-
cesses that led to formation of the planetesimals that eventually
fed the forming planets [3, 34, 35]. Heavy element abundances
can be derived through a variety of remote sensing techniques
such as spectroscopy. However, the most significant step for-
ward regarding our knowledge of giant planet internal composi-
tion was achieved with the in situ descent of the Galileo probe
into the atmosphere of Jupiter [36, 37, 38, 39, 40, 41, 5]. The
various experiments enabled the determination of the He/H2 ra-
tio with a relative accuracy of 2% [5], of several heavy element
abundances and of noble gases abundances [41, 42, 8]. These
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measurements have paved the way to a better understanding
of Jupiter’s formation and evolution. For example, neon in
Jupiter’s atmospheres has been found to be the most strongly
depleted element. Its depletion, in contrast to the measured
enrichments in Ar, Kr, Xe, is attributed to the helium rain in
Jupiter [43]. It would be very valuable to have measurements
of the heavy noble gases in any other giant planet. For Saturn,
we would expect a similarly strong depletion in neon as in
Jupiter as a result of deep atmospheric helium rain whereas in
Uranus and Neptune depletion in He and Ne is not expected.
This is because their deep interiors are mostly made of ices,
implying that He is rare there and does not rain out. In situ
measurements in all of these planets atmospheres would thus
allow us to test these assumptions and to offer a diagnostic tool
of the behavior of H/He at high pressures in giant planets. The
uniform enrichment observed in the Galileo probe data (see
Figure 1) tends to favor a core accretion scenario for Jupiter
(e.g. [12, 44]), even if the gravitational capture of planetesi-
mals by the proto-Jupiter formed via gravitational instability
may also explain the observed enrichments [45]. On the other
hand, the condensation processes that formed the protoplane-
tary ices remain uncertain, because the Galileo probe failed to
measure the deep abundance of oxygen by diving into a dry
area of Jupiter [46]. Achieving this measurement by means
of remote radio observations is one of the key and most chal-
lenging goals of the Juno mission [47, 48], currently in orbit
around Jupiter. At Saturn, the data on composition are scarcer
(see Figure 1) and have mostly resulted from Voyager 2 mea-
surements and intense observation campaigns with the Cassini
orbiter. The He abundance is highly uncertain [49, 50, 51],
and only the abundances of N, C, and P, have been quantified
[52, 53, 54, 55, 56]. This scarcity of essential data is the main
motivation for sending an atmospheric probe to Saturn and
was the core of several mission proposals submitted to ESA
and NASA calls over the last decade [57, 58, 59]. Uranus
and Neptune are the most distant planets in our Solar System.
Their apparent size in the sky is roughly a factor of 10 smaller
than Jupiter and Saturn, which makes telescopic observations
from Earth much more challenging in terms of detectability.
This distance factor is probably also the reason why space
agencies have not yet sent any new flyby or orbiter mission
to either of these planets since Voyager 2. As a consequence,
the knowledge of their bulk composition is dramatically poor
(see Figure 1), resulting in a very limited understanding of
their formation and evolution. Improving this situation needs
ground-truth measurements that can only be carried out in
these distant planets by an atmospheric probe, similarly to the
Galileo probe at Jupiter.
Isotopic Measurements Table 3 represents the isotopic ra-
tio measurements realized in the atmospheres of the four giant
planets of our solar system. The case of D/H is interesting
and would deserve further measurements with smaller errors.
Because deuterium is destroyed in stellar interiors and trans-
formed into 3He, the D/H value presently measured in Jupiter’s
atmosphere is estimated to be larger by some 5–10% than the
protosolar value. This slight enrichment would have resulted
from a mixing of nebular gas with deuterium-rich ices dur-
ing the planet’s formation. For Saturn, the contribution of
deuterium-rich ices in the present D/H ratio could be higher
(25–40%). The deuterium enrichment as measured by [73]
in Uranus and Neptune has been found to be very similar
between the two planets, and its supersolar value also sug-
gests that significant mixing occurred between the protosolar
H2 and the H2O ice accreted by the planets. Assuming that
the D/H ratio in H2O ice accreted by Uranus and Neptune
is cometary (1.5–3 ×10−4), [73] found that 68–86% of the
heavy component consists of rock and 14–32% is made of ice,
values suggesting that both planets are more rocky than icy,
assuming that the planets have been fully mixed. Alternatively,
based on these observations, [74] suggested that, if Uranus and
Neptune formed at the carbon monoxide line in the protosolar
nebula (PSN), then the heavy elements accreted by the two
planets would mostly consists of a mixture of CO and H2O
ices, with CO being by far the dominant species. This scenario
assumes that the accreted H2O ice presents a cometary D/H
and allows the two planets to remain ice-rich and O-rich while
providing D/H ratios consistent with the observations. Deeper
sounding of Saturn, Uranus, and Neptune’s atmospheres with
an atmospheric probe, should allow investigating the possi-
bility of isotopic fractionation with depth. The measurement
of the D/H ratio in Saturn, Uranus and Neptune should be
complemented by a precise determination of 3He/4He in their
atmospheres to provide further constraints on the protosolar
D/H ratio, which remains relatively uncertain. The protoso-
lar D/H ratio is derived from 3He/4He measurements in the
solar wind corrected for changes that occurred in the solar
corona and chromosphere subsequent to the Sun’s evolution,
and to which the primordial 3He/4He is subtracted [75]. This
latter value is currently derived from the ratio observed in
meteorites or in Jupiter’s atmosphere. The measurement of
3He/4He in Uranus and/or Neptune atmospheres would there-
fore complement the Jupiter value and the scientific impact of
the protosolar D/H derivation.
The 14N/15N ratio presents large variations in the different
planetary bodies in which it has been measured and, conse-
quently, remains difficult to interpret. The analysis of Genesis
solar wind samples [76] suggests a 14N/15N ratio of 441 ±
5, which agrees with the remote sensing [77] and in situ [8]
measurements made in Jupiter’s atmospheric ammonia, and
the lower limit derived from ground-based mid-infrared ob-
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Table 1. Elemental abundances in Jupiter, Saturn, Uranus and Neptune, as derived from upper tropospheric composition
Elements Jupiter Saturn Uranus Neptune
He/H (1) (7.85±0.16)×10−2 (6.75±1.25)×10−2 (8.88±2.00)×10−2 (8.96±1.46)×10−2
Ne/H(2) (1.240±0.014)×10−5 – – –
Ar/H(3) (9.10±1.80)×10−6 – – –
Kr/H(4) (4.65±0.85)×10−9 – – –
Xe/H (5) (4.45±0.85)×10−10 – – –
C/H(6) (1.19±0.29)×10−3 (2.65±0.10)×10−3 (0.6−3.2)×10−2 (0.6−3.2)×10−2
N/H(7) (3.32±1.27)×10−4 (0.50−2.85)×10−4 – –
O/H(8) (2.45±0.80)×10−4 – – –
S/H(9) (4.45±1.05)×10−5 – (5−12.5)×10−6 (2.0−6.5)×10−6
P/H(10) (1.08±0.06)×10−6 (3.64±0.24)×10−6 – –
(1) [5, 41] for Jupiter, [50, 59] for Saturn, [60] for Uranus and [61] for Neptune. We only consider the higher value of the uncertainty on He
in the case of Neptune. (2−5) [62] for Jupiter. (6) [8] for Jupiter, [55] for Saturn, [63, 64, 65, 66] for Uranus, [67, 64, 68] for Neptune. (7) [8]
for Jupiter, [69] for Saturn (N/H range derived from the observed range of 90–500 ppm of NH3). (8) [8] for Jupiter (probably a lower limit,
not representative of the bulk O/H). (9) [8] for Jupiter, lower limits for Uranus [70] and Neptune [71]. (10) [56] for Jupiter and Saturn.
Table 2. Ratios to protosolar values in the upper tropospheres of Jupiter, Saturn, Uranus and Neptune
Elements Jupiter/Protosolar Saturn/Protosolar Uranus/Protosolar Neptune/Protosolar
He/H 0.81±0.05 0.70±0.14 0.93±0.21 0.93±0.16
Ne/H 0.10±0.03 – – –
Ar/H 2.55±0.83 – – –
Kr/H 2.16±0.59 – – –
Xe/H 2.12±0.59 – – –
C/H 4.27±1.13 9.61±0.59 ∼20 – 120 ∼20 – 120
N/H 4.06±2.02 0.61 – 3.48 – –
O/H 0.40±0.15 (hotspot) – – –
S/H 2.73±0.65 – 0.32 - 0.80 0.13 - 0.42
P/H 3.30±0.37 11.17±1.31 – –
Error is defined as (∆E/E)2 = (∆X/Xplanet)2 + (∆X/XProtosun)2. The ratios only refer to the levels where abundance measurements have been
performed, i.e. in the upper tropospheres and are not automatically representative of deep interior enrichments. This is especially true if the
deep interior contain a significant fraction of another element (e.g. oxygen in Uranus and Neptune, according to models). Moreover, the
helium value was computed for pure H2/He mixtures (i.e. the upper tropospheric CH4 has not been accounted for), because CH4 is
condensed at 1 bar where He is measured. Protosolar abundances are taken from [72].
servations of Saturn’s ammonia absorption features [78]. The
two 14N/15N measurements made in Jupiter and Saturn sug-
gest that primordial N2 was probably the main reservoir of
the present NH3 in their atmospheres [6, 57, 79]. On the
other hand, Uranus and Neptune are mostly made of solids
(rocks and ices) [44] that may share the same composition as
comets. N2/CO has been found strongly depleted in comet
67P/Churyumov-Gerasimenko [80], i.e. by a factor of ∼25.4
compared to the value derived from protosolar N and C abun-
dances. This confirms the fact that N2 is a minor nitrogen
reservoir compared to NH3 and HCN in this body [81], and
probably also in other comets [82]. In addition, 14N/15N has
been measured to be 127 ± 32 and 148 ± 6 in cometary NH3
and HCN respectively [83, 84]. Assuming that Uranus and
Neptune have been accreted from the same building blocks as
those of comets, then one may expect a 14N/15N ratio in these
two planets close to cometary values, and thus quite different
from the Jupiter and Saturn values. Measuring 14N/15N in the
atmospheres of Uranus and Neptune would provide insights
about the origin of the primordial nitrogen reservoir in these
planets. Moreover, measuring this ratio in different species
would enable us to constrain the relative importance of the
chemistry induced by galactic cosmic rays and magnetospheric
electrons (see [87] for an example in Titan).
The isotopic measurements of carbon, oxygen and noble
gas (Ne, Ar, Kr, and Xe) isotopic ratios should be representa-
tive of their primordial values. For instance, only little vari-
ations are observed for the 12C/13C ratio in the solar system
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irrespective of the body and molecule in which it has been
measured. Table 3 shows that both ratios measured in the
atmospheres of Jupiter and Saturn are consistent with the ter-
restrial value of 89. A new in situ measurement of this ratio in
Uranus and/or Neptune should be useful to confirm whether
their carbon isotopic ratio is also telluric.
The oxygen isotopic ratios also constitute interesting mea-
surements to be made in Uranus’ and Neptune’s atmospheres.
The terrestrial 16O/18O and 16O/17O isotopic ratios are 499 and
2632, respectively [88]. At the high accuracy levels achievable
with meteoritic analysis, these ratios present some small vari-
ations (expressed in δ units, which are deviations in part per
thousand). Measurements performed in comets [89], far less
accurate, match the terrestrial 16O/18O value. The 16O/18O
ratio has been found to be ∼380 in Titan’s atmosphere from
Herschel SPIRE observations but this value may be due to
some fractionation process [90, 91]. On the other hand, [92]
found values consistent with the terrestrial ratios in CO with
ALMA. The only 16O/18O measurement made so far in a giant
planet was obtained from ground-based infrared observations
in Jupiter’s atmosphere and had a too large uncertainty to be
interpreted in terms of 1–3 times the terrestrial value [93].
Formation Models and Enrichment Patterns in Giant Plan-
ets Direct or indirect measurements of the volatile abun-
dances in the atmospheres of Saturn, Uranus and Neptune are
key for deciphering their formation conditions in the PSN. In
what follows, we present the various models and their predic-
tions regarding enrichments in the giants. Figure 2 summarizes
the predictions of the various models in the cases of Uranus
and Neptune.
• Gravitational Instability Model. This formation scenario
is associated with the photoevaporation of the giant plan-
ets envelopes by a nearby OB star and settling of dust
grains prior to mass loss [94]. It implies that O, C, N,
S, Ar, Kr and Xe elements should all be enriched by a
similar factor relative to their protosolar abundances in
the envelopes, assuming mixing is efficient. Despite the
fact that interior models predict that a metallicity gra-
dient may increase the volatile enrichments at growing
depth in the planet envelopes [33], there is no identified
process that may affect their relative abundances in the
ice giant envelopes, if the sampling is made at depths
below the condensation layers of the concerned volatiles
and if thermochemical equilibrium effects are properly
taken into account. The assumption of homogeneous
enrichments for O, C, N, S, Ar, Kr and Xe, relative to
their protosolar abundances, then remains the natural
outcome of the formation scenario proposed by [94].
• Core Accretion and Amorphous Ice. In the case of the
core accretion model, because the trapping efficiencies
of C, N, S, Ar, Kr and Xe volatiles are similar at low
temperature in amorphous ice [3, 95], the delivery of
such solids to the growing giant planets is also consis-
tent with the prediction of homogeneous enrichments in
volatiles relative to their protosolar abundances in the
envelopes, still under the assumption that there is no
process leading to some relative fractionation between
the different volatiles.
• Core Accretion and Clathrates In the core accretion
model, if the volatiles were incorporated in clathrate
structures in the PSN, then their propensities for such
trapping would strongly vary from a species to another.
For instance, Xe, CH4 and CO2 are easier clathrate for-
mers than Ar or N2 because their trapping temperatures
are higher at PSN conditions, assuming protosolar abun-
dances for all elements [96]. This competition for trap-
ping is crucial when the budget of available crystalline
water is limited and does prevent the full clathration of
the volatiles present in the PSN [34, 97, 79]. However, if
the O abundance is 2.6 times protosolar or higher at the
formation locations of Uranus and Neptune’s building
blocks and their formation temperature does not exceed
∼45K, then the abundance of crystalline water should
be high enough to fully trap all the main C, N, S and
P–bearing molecules, as well as Ar, Kr and Xe [79].
In this case, all elements should present enrichments
comparable to the C measurement, except for O and
Ar, based on calculations of planetesimals compositions
performed under those conditions [79]. The O enrich-
ment should be at least ∼4 times higher than the one
measured for C in the envelopes of the ice giants due
to its overabundance in the PSN. In contrast, the Ar en-
richment is decreased by a factor of ∼4.5 compared to
C, due to its very poor trapping at 45 K in the PSN (see
Figure 2). We refer the reader to [79] for further details
about the calculations of these relative abundances.
• Photoevaporation Model. An alternative scenario is
built upon the ideas that (i) Ar, Kr and Xe were homo-
geneously adsorbed at very low temperatures (∼20–30
K) at the surface of amorphous icy grains settling in the
cold outer part of the PSN midplane [98] and that (ii) the
disk experienced some chemical evolution in the giant
planets formation region (loss of H2 and He), due to pho-
toevaporation. In this scenario, these icy grains migrated
toward the formation region of the giant planet where
they subsequently released their trapped noble gases,
due to increasing temperature. Due to the disk’s pho-
In Situ Exploration of the Giant Planets — 8/26
Table 3. Isotopic ratios measured in Jupiter, Saturn, Uranus and Neptune
Isotopic ratio Jupiter Saturn Uranus Neptune
D/H (in H2)(1) (2.60 ± 0.7) × 10−5 1.70+0.75−0.45 × 10−5 (4.4 ± 0.4) × 10−5 (4.1 ± 0.4) × 10−5
3He/4He(2) (1.66 ± 0.05) × 10−4 – – –
12C/13C (in CH4)(3) 92.6+4.5−4.1 91.8
+8.4
−7.8 – –
14N/15N (in NH3)(4) 434.8+65−50 > 357 – –
20Ne/22Ne(5) 13 ± 2 – – –
36Ar/38Ar(6) 5.6 ± 0.25 – – –
136Xe/total Xe(7) 0.076 ± 0.009 – – –
134Xe/total Xe(8) 0.091 ± 0.007 – – –
132Xe/total Xe(9) 0.290 ± 0.020 – – –
131Xe/total Xe(10) 0.203 ± 0.018 – – –
130Xe/total Xe(11) 0.038 ± 0.005 – – –
129Xe/total Xe(12) 0.285 ± 0.021 – – –
128Xe/total Xe(13) 0.018 ± 0.002 – – –
(1) [85] for Jupiter, [86] for Saturn, [73] for Uranus and Neptune. (2) [85] for Jupiter. (3) [41] for Jupiter, [55] for Saturn. (4) [8] for Jupiter,
[78] for Saturn. (5−13) [62] for Jupiter.
toevaporation inducing fractionation between H2, He
and the other heavier species, these noble gases would
have been supplied in supersolar proportions from the
PSN gas to the forming giant planets. The other species,
whose trapping/condensation temperatures are higher,
would have been delivered to the envelopes of the gi-
ants in the form of amorphous ice or clathrates. [98]
predict that, while supersolar, the noble gas enrichments
should be more moderate than those resulting from the
accretion of solids containing O, C, N, S by the two
giants.
• CO Snowline Model Another scenario, proposed by [74],
suggests that Uranus and Neptune were both formed at
the location of the CO snowline in a stationary disk.
Due to the diffusive redistribution of vapors (the so-
called cold finger effect; [99, 100]), this location of the
PSN intrinsically had enough surface density to form
both planets from carbon– and oxygen–rich solids but
nitrogen-depleted gas. The analysis has not been ex-
tended to the other volatiles but this scenario predicts
that species whose snowlines are beyond that of CO
remain in the gas phase and are significantly depleted in
the envelope compared to carbon. Under those circum-
stances, one should expect that Ar presents the same
depletion pattern as for N in the atmospheres of Uranus
and Neptune. In contrast, Kr, Xe, S and P should be
found supersolar in the envelopes of the two ice giants,
but to a lower extent compared to the C and O abun-
dances, which are similarly very high [74].
Summary of Key Measurements Here we list the key mea-
surements to be performed by an atmospheric entry probe at
Saturn, Uranus and Neptune to better constrain their formation
and evolution scenarios:
• Temperature–pressure profile from the stratosphere down
to at least 10 bars. This would establish the stability of
the atmosphere towards vertical motions and constrain
the opacity properties of clouds lying at or above these
levels (CH4 and NH3 or H2S clouds). At certain pres-
sures convection may be inhibited by the mean molec-
ular weight gradient [101] (for instance at ∼2 bar in
Neptune) and it is thus important to measure the temper-
ature gradient in this region. Probing deeper than ∼40
bars would be needed to assess the bulk abundances of N
and S existing in the form of NH4SH but this would re-
quire microwave measurements from a Juno-like orbiter,
instead of using a shallow probe.
• Tropospheric abundances of C, N, S, and P, down to the
10-bar level at least, with accuracies of ±10% (of the or-
der of the protosolar abundance accuracies). In the case
of the ice giants, N and S could be measured remotely
deeper to the 40-bar level at microwave wavelengths by
a Juno-like orbiter.
• Tropospheric abundances of noble gases He, Ne, Xe, Kr,
Ar, and their isotopes to trace materials in the subreser-
voirs of the PSN. The accuracy on He should be at least
as good that obtained by Galileo at Jupiter (±2%), and
the accuracy on isotopic ratios should be ±1% to en-
able direct comparison with other known Solar System
values.
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Figure 2. Qualitative differences between the enrichments in volatiles predicted in Uranus and Neptune predicted by the
different formation scenarios (calibrations based on the carbon determination). The resulting enrichments for the different
volatiles are shown in green (gravitational instability model and amorphous ice), orange (clathrates), blue (photoevaporation)
and red (CO snowline).
• Isotopic ratios in hydrogen (D/H) and nitrogen (15N/14N),
with accuracies of ±5%, and in oxygen (17O/16O and
18O/16O) and carbon (13C/12C) with accuracies of ±1%.
This will enable us to determine the main reservoirs of
these species in the PSN.
• Tropospheric abundances of CO and PH3. Having both
values brackets the deep H2O abundance [102]. CO
alone may not be sufficient to enable the evaluation of
the deep H2O because of the uncertainties on the deep
thermal profile (convection inhibition possible at the
H2O condensation level) as shown in [103].
2.2 In Situ Studies of Giant Planet Atmospheres
The giant planets are natural planetary-scale laboratories for
the study of fluid dynamics without the complex effects of
topography and ocean–atmosphere coupling. Remote sensing
provides access to a limited range of altitudes, typically from
the tropospheric clouds upwards to the lower stratosphere and
thermosphere, although microwave radiation can probe deeper
below the upper cloud deck. The vertical resolution of “nadir”
remote sensing is limited to the width of the contribution func-
tion (i.e., the range of altitudes contributing to the upwelling
radiance at a given wavelength), which can extend over one or
more scale heights and makes it impossible to uniquely iden-
tify the temperature and density perturbations associated with
cloud formation, wave phenomena, etc. In situ exploration
of Saturn, Uranus or Neptune would not only constrain their
bulk chemical composition, but it would also provide direct
sampling and “ground-truth” for the myriad of physical and
chemical processes at work in their atmospheres. In the follow-
ing we explore the scientific potential for a probe investigating
atmospheric dynamics, meteorology, clouds and hazes, and
chemistry. We also provide the key atmospheric observables
accessible to an atmospheric probe.
Zonal Winds At the cloud tops, Jupiter and Saturn have
multi-jet winds with eastward equatorial jets, while Uranus
and Neptune have a broad retrograde equatorial jet and nearly
symmetric prograde jets at high latitudes [104] (Fig. 3). The
question of the origin of the jets and the differences between
the gas giants and the icy giants is the subject of intensive
research. Numerical attempts to study this question are based
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Figure 3. Zonal winds in Jupiter, Saturn, Uranus and Neptune [104] from different space missions. The equator, which is home
to strong vertical wind-shear, is highlighted in each panel. In Jupiter the Galileo Probe measured strong vertical wind shears
confined to the first 5 bar of the atmosphere [110, 111]. In Saturn [112] and Neptune there are strong evidences of vertical wind
shears at the equator [113, 114].
either on external forcing by the solar irradiation with a shallow
circulation, or in deep forcing from the internal heat source of
the planets producing internal columnar convection [105, 104].
However none of these models has been able to reproduce the
characteristics of the wind systems of the planets without fine-
tuning their multiple parameters. It is possible to explore the
depth of the winds through measurements of the gravity field
of the planet combined with interior models. Recent results
from Juno [106, 107] and Cassini [108], and a reanalysis of
Uranus and Neptune Voyager data [109] show that the winds
are neither shallow, nor deep in any of these planets and may
extend 3,000 km in Jupiter, 9,000 km in Saturn and 1,000 km in
Uranus and Neptune. Vertical wind-shears are determined by
measuring the horizontal distribution of temperature. Remote
sensing can provide maps of temperature above the clouds
but do not permit the determination of the deeper winds. In
addition, in Uranus and Neptune, the horizontal distribution of
volatiles causes humidity winds [115], an effect that occurs in
hydrogen-helium atmospheres with highly enriched volatiles.
In situ measurements of how the wind changes in the top
few tens of bars (e.g., like Galileo) would provide insights into
how the winds are being generated. The vertical wind shear
measured by Galileo defied previous ideas of the expected
structure of the winds. Theoretical models of atmospheric jets
driven by solar heat flux and shallow atmospheric processes
include a crucial role of moist convection in the troposphere
[116] and only through knowledge of the vertical distribution
of condensables and winds we will be able to understand the
generated wind systems of these planets.
Temperature Structure Vertical profiles of temperature in
the upper atmospheres are retrieved from mid-infrared and
sub-millimetre remote sounding. The determination of these
vertical profiles from occultation measurements depends on
the knowledge of the mean molecular weight, and therefore,
requires simultaneous sensing of infrared radiance to con-
strain the bulk composition. However, measuring the verti-
cal (and horizontal) distribution of volatile gases and their
condensed phases from orbit is a fundamentally degenerate
problem. Hence entry probes are the only way to determine
these quantities with accuracy and provide a ground-truth to
the study of the temperature distribution. This is true for Sat-
urn even if the very successful Cassini mission has provided
unprecedented observations of the temperature structure of
the planet [117]. Models of globally-averaged temperatures
for Uranus [118] and Neptune [119] present differences with
the radio occultation results [120, 121] and an in situ determi-
nation of a thermal profile and vertical distribution of mean
molecular weight is a vital measurement for the interpreta-
tion of thermal data. Furthermore, available data is limited
to pressures smaller than 1 bar or is intrinsically degenerate
and model-dependent. A considerable uncertainty in Uranus
and Neptune is due to the molecular weight gradient caused
by methane condensation and the resulting inhibition of moist
convection in the atmosphere [101, 122, 123], with a resulting
temperature profile that may be sub-adiabatic, dry adiabatic
or superadiabatic. This has consequences for interior and evo-
lution models, atmospheric dynamics and the interpretation
of abundances measurements in particular for disequilibrium
In Situ Exploration of the Giant Planets — 11/26
Figure 4. Multi-wavelength images of Jupiter (upper row),
Saturn (middle row) and Uranus and Neptune (bottom row).
Images in the near-infrared in methane absorption bands (a, g,
i) sample complex layers of hazes. Visible images (b, d, f, h)
correspond to the top of the main upper cloud (NH3 in Jupiter
and Saturn and CH4 in Uranus and Neptune). Infrared images
at 4-5 µm(c, e) sample the opacity of a secondary cloud layer,
most probably NH4SH in Jupiter and Saturn.
species. In situ measurements will provide ground truth. Be-
cause in these planets the methane condensation region is at
pressures smaller than 2 bars, this is well within reach of the
probe that we consider. Also, solar irradiation alone cannot
explain the high temperatures found in the stratospheres and
thermospheres of Uranus and Neptune [124, 125], a problem
known as the energy crisis that cannot be solved from remote
sensing. Measurements of temperatures in the stratosphere
would result in a detailed characterization of gravity waves
propagation that could help us to resolve energy transfer pro-
cesses in planetary atmospheres in general.
Clouds Images of the gas and ice giants in the visible and
near-infrared show a plethora of clouds that organize in zonal
bands, vortices, planetary waves and turbulent regions (Fig.
4). The vertical structure of clouds from multi-wavelength
observations can be interpreted via radiative-transfer models,
but these models offer multiple possibilities to fit individual
observations and require a good knowledge of the vertical dis-
tribution of absorbing species like methane or volatile gases.
The observable clouds in Jupiter and Saturn are separated in
three layers (hazes close to the tropopause at 60–100 mbar,
high-opacity clouds with their tops at 400–700 mbar and deep
clouds with opacity sources at around 1.5–2.0 bar). The ac-
Figure 5. Vertical cloud structure in Saturn (left) and Uranus
(right) from Voyager thermal profiles extended following a
moist adiabat (dashed-line) and assuming 5 times solar
abundance of condensable for Saturn and 30 times solar
abundances for Uranus except for NH3, which is assumed to
have a lower abundance than H2S. The upper atmosphere is
home to several photochemical layers. The vertical
distribution of molecular weight is also shown (dotted-line).
Simple ECC models do not take into account precipitation of
condensates and the actual cloud structure could be different.
Tropospheric hazes required by radiative-transfer models to fit
the observations are also shown.
cessible clouds in Uranus and Neptune are different with an
extended haze layer topping at 50–100 mbar located above a
thin methane cloud of ice condensates with its base at∼ 1.3 bar.
This cloud is above another cloud of H2S ice that is optically
thick, located between 2 and 4 bar of pressure and whose
structure can not be discerned from the observations. These
basic vertical cloud structures come from multiple independent
studies ([126, 127, 128] for Jupiter, [129, 130, 131] for Saturn,
[132, 133, 134, 135] for Uranus, and [136, 137, 138] for Nep-
tune), and generally assume specific properties of the clouds
in different regions of the planet. However, radiative transfer
models produce highly degenerate solutions where multiple
possibilities for the cloud particle optical properties and verti-
cal structure can be found that can fit the observations. Under
those circumstances, in situ measurements provide a ground-
truth to remote sensing observations. They give us information
about clouds much deeper than what can be observed from
remote sensing.
The relation between the bands and colors in the giant
planets is not well understood. The pattern of bands in Jupiter
observed in the visible follows the structure of the zonal jets
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[139]. The same holds partially in Saturn [140], but the bands
in Uranus and Neptune have a much richer structure than the
wind field [141, 142, 143, 144]. In all planets changes in the
bands do not seem to imply changes in the more stable wind
system [104]. Questions about how the belt and circulation
pattern can be established [145] may require information from
atmospheric layers below the visible pattern of clouds, which
are not accessible to remote sensing. Exploring deeper into
the atmosphere requires the use thermochemical Equilibrium
Cloud Condensation (ECC) models which predict the location
of clouds based on hypothesis of the relative abundances of
condensables and thermal extrapolations of the upper tem-
peratures [146, 147]. Depending on the planet and relative
abundances of the condensables several cloud layers are pre-
dicted to form: NH3, NH4SH and H2O in Jupiter and Saturn,
and CH4, H2S, NH4SH and H2O in Uranus and Neptune (Fig.
5). An additional intermediate cloud of NH3 could form at
pressures around 10 bar depending of the sequestration of NH3
molecules in the lower NH4SH cloud and the amount of NH3
dissolved in the deep and massive liquid water cloud. This am-
monia cloud is not expected currently in Uranus and Neptune
due to the detection of tropospheric H2S gas [148, 149] that
seems to indicate that H2S is more abundant than NH3 in these
atmospheres.
A shallow probe to 10 bar in Saturn would descend below
the NH4SH cloud but may not probe the water cloud base and
its deep abundance. A similar probe in Uranus and Neptune
would descend below the H2S cloud, while a deep probe would
be needed to reach the NH4SH cloud layer and the top of the
H2O cloud, which could extend to hundreds of bars. However,
the descent profile would depend on the properties of the
meteorological environment of the descent [150], a question
we now examine.
Convection and Meteorological Features Moist convec-
tion develops through the release of latent heat when gases
condense and mix vertically impacting the vertical distribu-
tion of volatiles, molecular weight and temperature. In the
giant planets volatiles are heavier than the dry air reducing
the buoyancy of convective storms and potentially inhibiting
moist convection in Jupiter’s deep water cloud layer for water
abundances higher than 5 and in Uranus and Neptune methane
and deeper clouds [101, 122]. However, convective storms are
relatively common in Jupiter and group in cyclonic regions
[139, 105]. In Saturn, they occur seasonally in the tropics over
extended periods of time [151] and develop into Great Storms
once per Saturn year [152]. Discrete cloud systems form and
dissipate episodically in Uranus and Neptune including bright
cloud systems that could be intense storms [153, 114]. How-
ever, there is no consensus whether or not these features are
events of energetic moist convection as their vertical cloud
structure does not result in the elevated cloud tops [154] ex-
pected from comparison with Jupiter and Saturn and basic
models of moist convection [155]. Large and small vortices,
waves and turbulent regions are common in the atmospheres of
Jupiter and Saturn [139, 156]. Neptune is famous for its dark
vortices surrounded by bright companion clouds [142, 157]
and Uranus has rare dark vortices [158] and bright cloud sys-
tems [159]. Many of these meteorological systems last for
years to decades but we ignore how deep they extend into
the lower troposphere. Large-scale waves can also affect the
properties of the atmosphere well below the upper cloud layer
[150].
The interpretation of vertical profiles of pressure, tempera-
ture, wind speed, and composition obtained by a probe would
hugely benefit from an observational characterization of the
descending region and its meteorology at cloud level [160].
Chemistry In the upper atmospheres of Jupiter, Saturn, Uranus
and Neptune, methane is photolysed into hydrocarbons that
diffuse down and condense to form haze layers in the cold
stratospheres (altitudes ∼0.1 to 30 mbar) as the temperature
decreases down to ∼60 K in the tropopause in Uranus and
Neptune. Photochemical models suggest hazes made of hy-
drocarbons that become progressively more important from
Jupiter to Uranus and Neptune with C2H2, C6H6, C4H2, C4H10,
CO2, C3H8, C2H2, add C2H6 [161, 162, 163], where the oxy-
gen species derive from external sources such as interplane-
tary dust or comets. These species are radiatively active at
mid-infrared wavelengths and affect the aerosol structure and
energy balance of the atmospheres and, thus, their overall dy-
namics. Tropospheric CO is particularly important because
it is related with other oxygen bearing molecules including
water. Thermochemical models have been used to relate the
observed CO abundance with the deep water abundance [103]
but results of these models depend on precise measurements
of tropospheric CH4 and knowledge of vertical mixing that
can only be determined precisely in situ.
Summary of Key Measurements Below are indicated the
key in situ measurements needed to characterize the atmo-
spheres of Saturn, Uranus or Neptune.
• Temperature-pressure profile. This basic but essential
measurement will be key to check widespread but model-
dependent measurements obtained from remote observa-
tions. Testing for the presence of sub- or super-adiabatic
lapse rates will be key to understand how internal heat
is transported in these active atmospheres.
• Cloud and haze properties. A descent probe would be
able to measure the atmospheric aerosols scattering prop-
erties at a range of phase angles, the particles number
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density, the aerosol shape and opacity properties. Each
of these measurements would help constrain the aerosol
composition, size, shape, and density.
• Winds. Doppler wind measurements provide the wind
profile in the lower troposphere, well below the region
where most of the cloud tracking wind measurements are
obtained. Static and dynamic pressures would provide
an estimate of the vertical winds, waves, and convection.
The comparison with vertical profiles of condensable
abundances and thermal data would quantify the relative
importance of thermal and humidity winds.
• Conductivity. A vertical profile of atmospheric conduc-
tivity would indicate what type of clouds support charge
separation to generate lightning. Conductivity measure-
ments combined with meteorological and chemical data
(particularly measurements of the physical properties of
the aerosols themselves) would also permit extraction
of the charge distribution on aerosol particles, and im-
prove understanding of the role of electrical processes
in cloud formation, lightning generation, and aerosol
microphysics.
• Determine the influence of cloud condensation or photo-
chemical haze formation on the temperature lapse rate
and deduce the amount of energy relinquished by this
phase change in key species (CH4, NH3, H2S).
• Ortho-to-para hydrogen ratio. This would constrain the
degree of vertical convection through the atmosphere
and the convective capability at different cloud condens-
ing layers. It would also be essential to understand the
vertical profile of atmospheric stability and is especially
important in the cold atmospheres of Uranus and Nep-
tune.
3. Mission Configuration and Profile
3.1 Probe Mission Concept
The three giant planets considered in this White Paper can be
targeted with a similar probe payload and architecture.
Science Mission Profile To measure the atmospheric com-
position, thermal and energy structure, clouds and dynamics
requires in situ measurements by a probe carrying a mass
spectrometer (atmospheric and cloud compositions), helium
abundance detector, atmospheric structure instrument (thermal
structure and atmospheric stability), nephelometer (cloud lo-
cations and aerosol properties), net flux radiometer (energy
structure), physical properties instrument (temperature, pres-
sure and density structure, ortho-para ratio), and Doppler-wind
experiment (dynamics). The atmospheric probe descent tar-
gets the 10-bar level located about 5 scale heights beneath the
tropopause. The speed of probe descent will be affected by
requirements imposed by the needed sampling periods of the
instruments, particularly the mass spectrometer, as well as the
effect speed has on the measurements. This is potentially an
issue for composition instruments, and will affect the altitude
resolution of the Doppler wind measurement. Although it is
expected that the probe batteries, structure, thermal control,
and telecomm will allow operations to levels well below 10
bars, a delicate balance must be found between the total sci-
ence data volume requirements to achieve the high-priority
mission goals, the capability of the telecomm system to trans-
mit the entire science, engineering, and housekeeping data
set (including entry accelerometry and pre-entry/entry calibra-
tion, which must be transmitted interleaved with descent data)
within the descent telecomm/operational time window, and the
probe descent architecture which allows the probe to reach 10
bars, i.e. the depth at which most of the science goals can be
achieved.
Probe Mission Profile to Achieve Science Goals A giant
planet probe designed for parachute descent to make atmo-
spheric measurements of composition, structure, and dynam-
ics, with data returned to Earth using an orbiting or flyby Car-
rier Relay Spacecraft (CRSC) could be carried as an element
of a dedicated giant planet system exploration mission. The
CRSC would receive and store probe science data in real-time,
then re-transmit the science and engineering data to Earth.
While recording entry and descent science and engineering
data returned by the probe, the CRSC would additionally make
measurements of probe relay link signal strength and Doppler
for descent probe radio science. Carried by the CRSC into
the vicinity of the giant planet system, the probe would be
configured for release, coast, entry, and atmospheric descent.
For proper probe delivery to the entry interface point, the
CRSC with probe attached is placed on a planetary entry tra-
jectory, and is reoriented for probe targeting and release. The
probe coast timer and pre-programmed probe descent science
sequence are loaded prior to release from the CRSC, and fol-
lowing spin-up, the probe is released for a ballistic coast to the
entry point. Following probe release, a deflect maneuver is per-
formed to place the CRSC on the proper overflight trajectory
to receive the probe descent telemetry.
Prior to arrival at the entry interface point, the probe coast
timer awakens the probe for sequential power-on, warm-up,
and health checks. The only instrumentation collecting data
during entry would be the entry accelerometers and possibly
heat shield instrumentation including ablation sensors. The
end of entry is determined by the accelerometers, initiating
parachute deployment, aeroshell release, and the probe atmo-
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spheric descent. Parachute sequence would be initiated above
the tropopause by deploying a pilot parachute which pulls
off the probe aft cover, thereby extracting the main descent
parachute, followed by release of the probe heatshield and
initiation of a transmit-only telecommunications link from the
probe to the CRSC. Under the parachute, the altitude of any
required descent science operation mode changes would be
guided by input from the Atmospheric Structure Instrument
sensors, thereby providing the opportunity to optimize the data
collection for changing science objectives at different atmo-
spheric depths. The probe science data collection and relay
transmission strategy would be designed to ensure the entire
probe science data set is successfully transmitted prior to probe
reaching the targeted depth.
Probe descent mission would likely end when the telecomm
geometry becomes so poor that the link can no longer be main-
tained due to increasing overhead atmospheric opacity, de-
pletion of the batteries, or increasing and damaging thermal
and/or pressure effects. The probe transmits science and engi-
neering data to the CRSC where multiple copies are stored in
redundant on-board memory. At the completion of the probe
descent mission and once the post-descent context observa-
tions have been performed, the CRSC reorients to point the
High Gain Antenna towards Earth and all stored copies of the
probe science and engineering data are returned to Earth. Fig-
ure 6 represents a schematic view of the Galileo entry, descent
and deployment sequence which could be the basis for any
proposed entry probe mission.
3.2 Probe Delivery
Interplanetary Trajectory Four characteristics of interplan-
etary transfers from Earth to the giant planets are of primary
importance: 1) the launch energy affecting the delivered mass,
2) the flight time which affects required spacecraft reliability
engineering and radioisotope power systems whose output
power decreases with time, 3) the V∞ of approach (VAP) to
the destination planet which influences the ∆V necessary for
orbit insertion and the entry speed of an entry probe delivered
from approach, and 4) the declination of the approach (DAP)
asymptote which influences both the locations available to an
entry probe and the probe’s atmosphere-relative entry speed
which depends on the alignment of the entry velocity vector
with the local planetary rotation velocity. Depending on trans-
fer design and mass, trajectories to the giant planets can be
order of 5–6 years for Jupiter, up to 10–13 years for Uranus
and Neptune. When Jupiter and Saturn align to provide gravity
assists from both, trajectories with shorter transfer durations
are possible.
Probe Delivery and Options for Probe Entry Location Gi-
ven a transfer trajectory defined by its VAP and DAP, a re-
maining degree of freedom - the “b” parameter (the offset of
the b-plane aim point from the planet’s center), determines
both the available entry site locations, and the atmosphere-
relative entry speed for each of those locations, and the entry
flight path angle (EFPA). If the probe is delivered and sup-
ported by a flyby spacecraft, designing a trajectory to give
data relay window durations of an hour or more is not difficult.
However, if the CRSC is an orbiter delivering the probe from
hyperbolic approach, the probe mission must compete with
the orbit insertion maneuver for best performance. Although
orbit insertion maneuvers are most efficiently done near the
pMi17lanet thereby saving propellant mass, such trajectories
coupled with a moderately shallow probe EFPA that keeps en-
try heating rates and inertial loads relatively low would yield
impractically short data relay durations. For the ice giants, a
different approach to this problem might avoid this situation
by delivering the probe to an aim point ∼180 ˚ away from the
orbiter’s aim point. Although this requires a minor increase
in the orbiter’s total ∆V for targeting and deflection, it allows
a moderate EFPA for the probe while providing a data relay
window of up to 2 hours.
Probe Entry and Enabling Technologies The probe aer-
oshell would comprise both a forward aeroshell (heatshield)
and an aft cover (backshell). The aeroshell has five primary
functions – 1) to provide an aerodynamically stable config-
uration during hypersonic and supersonic entry and descent
into the giant planet H2–He atmosphere while spin-stabilized
along the probe’s symmetry (rotation) axis, 2) to protect the de-
scent vehicle from the extreme heating and thermomechanical
loads of entry, 3) to accommodate the large deceleration loads
from the descent vehicle during hypersonic entry, 4) to provide
a safe, stable transition from hypersonic/supersonic entry to
subsonic descent, and 5) to safely separate the heatshield and
backshell from the descent vehicle based on g-switch with
timer backup, and transition the descent vehicle to descent
science mode beneath the main parachute. The need for a
heatshield to withstand the extreme entry conditions encoun-
tered at the giant planets is critical and has been successfully
addressed by NASA in the past, and is currently addressed
by ESA. Because heritage carbon phenolic thermal protection
system (TPS) used for the Galileo and Pioneer Venus entry
aeroshell heatshields is no longer available, NASA invested
in the development of a new heatshield material and system
technology called Heatshield for Extreme Entry Environment
Technology (HEEET) and also in upgrading arc jet facilities
for ablative material testing at extreme conditions. HEEET is
an ablative TPS system that uses 3-D weaving to achieve both
robustness and mass efficiency at extreme entry conditions,
and being tested at conditions that are relevant for Saturn and
ice giant entry probe missions [164]. Compared to heritage
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Figure 6. Galileo entry, descent and deployment sequence shown above could be the basis for any proposed giant planet entry
probe mission.
carbon phenolic system, HEEET is nearly 50% mass efficient
[165]. Alternative TPS concepts and materials are currently
under evaluation by ESA (ESA M* Ice Giant CDF study 2).
3.3 Atmospheric Entry Probe System Design
Overview The probe comprises two major sub-elements: 1)
the Descent Vehicle (DV) including parachutes will carry
all the science instruments and support subsystems includ-
ing telecommunications, power, control, and thermal into the
atmosphere, and 2) the aeroshell that protects the DV during
cruise, coast, and entry. The probe (DV and aeroshell) is re-
leased from the CRSC, and arrives at the entry interface point
following a long coast period. Although the probe reaches
the entry interface point and the DV with parachutes descends
into the atmosphere, elements of the probe system including
the probe release and separation mechanism and the probe
telemetry receiver remain with the CRSC. Prior to entry, the
probe coast timer (loaded prior to probe release) provides a
wakeup call to initiate the entry power-on sequence for initial
warmup, checks on instrument and subsystem health and sta-
tus, and pre-entry calibrations. Entry peak heating, total heat
soak, and deceleration pulse depend on the selected mission
design including entry location (latitude/longitude), inertial
heading, and flight path angle. Following entry, the DV pro-
vides a thermally protected environment for the science in-
struments and probe subsystems during atmospheric descent,
including power, operational command, timing, and control,
and reliable telecommunications for returning probe science
and engineering data. The probe avionics will collect, buffer,
format, process (as necessary), and prepare all science and
engineering data to be transmitted to the CRSC. The probe
descent subsystem controls the probe descent rate and rotation
necessary to achieve the mission science objectives.
Entry Probe Power and Thermal Control Following re-
lease from the CRSC, the probe has four main functions: 1)
to initiate the “wake up” sequence at the proper time prior to
arrival at the entry interface point, 2) to safely house, protect,
provide command and control authority for, provide power for,
and maintain a safe thermal environment for all the subsystems
and science instruments, 3) to collect, buffer as needed, and
relay to the CRSC all required preentry, entry, and descent
housekeeping, engineering, calibration, and science engineer-
ing data, and 4) to control the descent speed and spin rate
profile of the descent vehicle to satisfy science objectives and
operational requirements. Once released from the CRSC, the
probe would be entirely self-sufficient for mission operations,
thermal control, and power management. During coast, pre-
entry, and entry, the batteries support probe coast functions,
wake-up and turn-on, system health checks, and entry and
descent operations. Autonomous thermal control is provided
during coast by batteries, although there may be an option
to replace electrical heating with Radioisotope Heater Units
to greatly reduce battery requirements. Giant planet missions
may include Venus flybys, where temperatures are higher, prior
to the long outer solar system cruise. Since the ice giants are
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much cooler than the gas giants, descent survival at the low
ice giant temperatures may dictate a sealed probe. Providing
a safe, stable thermal environment for probe subsystems and
instruments over this range of heliocentric distances will re-
quire careful thermal design. Future technology developments
may realize batteries with higher specific energies resulting
in potential mass savings, and the development of electronics
operating at cryogenic temperatures.
Data Relay The transmit-only probe telecommunication sys-
tem would comprise two redundant channels that transmit
orthogonal polarizations at slightly offset frequencies for iso-
lation. Driven by an ultrastable oscillator to ensure a stable
link frequency for probe radio science, the frequency of the
probe to CRSC relay link is chosen primarily based on the mi-
crowave absorption properties of the atmosphere. The actual
thermal, compositional, and dynamical structure beneath the
cloud tops of the giant planets remains largely unknown. Pos-
sible differences in composition and temperature and pressure
structure between the atmosphere models and the true atmo-
sphere may adversely affect the performance of the probe relay
telecomm and must be considered in selection of communi-
cation link frequency. In particular, the microwave opacity of
the atmosphere depends on the abundance of trace microwave
absorbing species such as H2O, NH3, H2S, and PH3. In gen-
eral, the microwave opacity of these absorbers increases as
the square of the frequency, and this drives the telecomm fre-
quency as low as reasonable, often UHF. At Jupiter, the lowest
practical frequency is L-band due to the intense low-frequency
synchrotron radiation environment. The final decision on fre-
quency consequently affects the overall telecomm link budget,
including probe transmit antenna design (type, size, gain, and
beam pattern, and beam-width), and pointing requirements for
the CRSC-mounted receive antenna. Other decisions affect-
ing the telecomm link design include probe descent science
requirements, the time required to reach the target depth, and
the CRSC overflight trajectory, including range, range rate,
and angle.
Carrier Relay Spacecraft During the long cruise to the
outer solar system, the CRSC provides power as well as struc-
tural and thermal support for the probe, and supports periodic
health checks, communications for probe science instrument
software changes and calibrations, and other probe power and
thermal control software configuration changes and mission se-
quence loading as might be required from launch to encounter.
Upon final approach, the CRSC supports a final probe health
and configuration check, rotates to the probe release orienta-
tion, cuts cables and releases the probe for the probe cruise to
the entry interface point. Following probe release, the CRSC
may be tracked for a period of time from Earth, preferably
several days, to characterize the probe release dynamics and
improve reconstructions of the probe coast trajectory and en-
try interface location. An important release sequence option
would be to image the probe following release for optical nav-
igation characterization of the release trajectory. Following
probe release and once the CRSC tracking period is over, the
CRSC is deflected from the planet-impact trajectory required
for probe targeting to a trajectory that will properly position
the CRSC for receiving the probe descent telecommunications.
During coast, the probe will periodically transmit health status
reports to the CRSC. Additionally, the CRSC will conduct a
planet-imaging campaign to characterize the time evolution
of the atmosphere, weather, and clouds at the probe entry site,
as well as to provide global context of the entry site. Prior
to the initiation of the probe descent sequence, the CRSC
will rotate to the attitude required for the probe relay receive
antenna to view the probe entry/descent location and subse-
quently prepares to receive both channels of the probe science
telecommunications. Once the probe science mission ends, the
CRSC will return to Earth-point and downlink multiple copies
of the stored probe data.
4. Possible Probe Model Payload
Table 4 presents a suite of scientific instruments that can ad-
dress the scientific requirements discussed in Section 2. This
list of instruments should be considered as an example of sci-
entific payload that one might wish to see onboard. Ultimately,
the payload of a giant planet probe would be defined from a
detailed mass, power and design trades, but should seek to
address the majority of the scientific goals outlined in Section
2.
Atmospheric Structure Instrument The Atmospheric Struc-
ture Instrument (ASI) is a multi-sensor package for in situ mea-
surements to investigate the atmospheric structure, dynamics
and electricity of the outer planets. The scientific objectives of
ASI are the determination of the atmospheric vertical pressure
and temperature profiles, the evaluation of the density, and
the investigation of the atmospheric electrical properties (e.g.
conductivity, lightning). The atmospheric profiles along the
entry probe trajectory will be measured from the exosphere
down deep into the outer planet’s atmosphere. During entry,
density will be derived from the probe decelerations; pres-
sure and temperature will be computed from the density with
the assumption of hydrostatic equilibrium. Direct measure-
ments of pressure, temperature and electrical properties will
be performed under the parachute, after the front shield jet-
tisoning, by sensors having access to the atmospheric flow.
ASI will measure the atmospheric state (pressure, temperature)
as well as constraining atmospheric stability, dynamics and
In Situ Exploration of the Giant Planets — 17/26
Table 4. Measurement requirements
Instrument Measurement
Atmospheric Structure Instrument Pressure, temperature, density, molecular weight profile ,
atmospheric conductivity, DC electric field
Mass spectrometer Elemental and chemical composition
Isotopic composition
High molecular mass organics
Tunable Laser System Isotopic composition
Helium Abundance Detector Helium abundance
Ortho-Para Instrument Temperature, pressure and density vertical structure
Doppler Wind Experiment Measure winds, speed and direction
Nephelometer Cloud structure
Solid/liquid particles
Net-Flux Radiometer Thermal/solar energy
its effect on atmospheric chemistry. The ASI benefits from
the strong heritage of the Huygens HASI experiment of the
Cassini/Huygens mission [166], and the Galileo and Pioneer
Venus ASI instruments [167, 168].
Mass Spectrometer Experiment The Mass Spectrometer
Experiment (MSE) of the entry probe makes in situ measure-
ments during the descent into the giant planets atmospheres to
determine the chemical and isotopic composition of Uranus
and Neptune. The scientific objective of MSE is to measure
the chemical composition of the major atmospheric species
such as H, C, N, S, P, Ge, and As, all the noble gases He, Ne,
Ar, Kr, and Xe, and key isotope ratios of major elements D/H,
13C/12C, 15N/14N, 17O/16O, 18O/16O, of the lighter noble gases
3He/4He, 20Ne/22Ne, 38Ar/36Ar, 36Ar/40Ar, and those of Kr
and Xe. Given the constrained resources on the entry probe
and the short duration of the descent through the atmosphere,
time-of-flight instruments are the preferred choice, with strong
heritage from the ROSINA experiment on the Rosetta mission
[169] (see Fig. 7). The mass spectrometer itself will be com-
plemented by a complex gas introduction system handling the
range of atmospheric pressures during descent, a reference
gas calibration system, and enrichment cells for improving the
detection of noble gases and hydro carbons.
Tunable Laser Spectrometer A Tunable Laser Spectrome-
ter (TLS) [170] will complement the mass spectrometric mea-
surements by providing a few isotopic measurements with
high accuracy, e.g. D/H, 13C/12C, 18O/16O, and 17O/16O, de-
pending on the selected laser system. TLS employs ultra-high
spectral resolution (0.0005 cm−1) tunable laser absorption
spectroscopy in the near infra-red (IR) to mid-IR spectral re-
gion. A TLS is part of the SAM instrument on the NASA
Curiosity Rover [171], which was used to measure the isotopic
ratios of D/H and of 18O/16O in water and 13C/12C, 18O/16O,
17O/16O, and 13C18O/12C16O in carbon dioxide in the Martian
atmosphere [172].
Helium Abundance Detector The Helium Abundance De-
tector (HAD), as it was used on the Galileo mission [173, 5],
measures the refractive index of the atmosphere in the pressure
range of 2–10 bar. The refractive index is a function of the
composition of the sampled gas, and since the jovian atmo-
sphere consists of mostly of H2 and He, to more than 99.5%,
the refractive index is a direct measure of the He/H2 ratio. The
refractive index can be measured by any two-beam interfer-
ometer, where one beam passes through a reference gas and
the other beam through atmospheric gas. The difference in the
optical path gives the difference in refractive index between
the reference and atmospheric gas. For the Galileo mission,
a Jamin-Mascart interferometer was used, because of its sim-
ple and compact design, with a high accuracy of the He/H2
measurement.
Doppler-Wind Experiment The Doppler Wind Experiment
(DWE) will use the probe-CRSC radio subsystem (with ele-
ments mounted on both the probe and the Carrier) to measure
the altitude profile of zonal winds along the probe descent
path under the assumption that the probe in terminal descent
beneath the parachute will move with the winds. The DWE
will also reflect probe motions due to atmospheric turbulence,
aerodynamic buffeting, and atmospheric convection and waves
that disrupt the probe descent speed. Key to the Doppler wind
measurement is an accurate knowledge of the reconstructed
probe location at the beginning of descent, the probe descent
speed with respect to time/altitude, and the CRSC position and
velocity throughout the period of the relay link. The initial
probe descent location depends upon the probe entry trajectory
from the entry point to the location of parachute deployment
and is reconstructed from measured accelerations during en-
try. The descent profile is reconstructed from Atmospheric
Structure Instrument measurements of pressure and tempera-
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Figure 7. Flight model of DFMS/ROSINA instrument
without thermal hardware [169].
ture during descent. From the reconstructed probe and CRSC
positions and velocities, a profile of the expected relay link
frequencies is found that can be differenced with the mea-
sured frequencies to generate a set of frequency residuals. The
winds are retrieved utilizing an inversion algorithm similar to
the Galileo probe Doppler Wind measurement [174, 39]. To
generate the stable probe relay signal, the probe must carry an
ultrastable oscillator (USO) with an identical USO in the relay
receiver on the Carrier spacecraft.
Nephelometer Measurement of scattered visible light within
the atmosphere is a powerful tool to retrieve number density
and size distribution of liquid and solid particles, related to
their formation process, and to understand the overall charac-
ter of the atmospheric aerosols based on their refractive index
(liquid particles, iced particles, solid particles from transparent
to strongly absorbing). In particular, measurements of light
scattered by a cloud of particles at several scattering angles
was already tested on balloon flights to characterize the atmo-
spheric aerosols and condensates [175], using a priori hypoth-
esis on the size distribution. A new concept of nephelometer
has been proposed to retrieve the full scattering function, this
time for individual particles crossing a light source. Dedi-
cated fast electronics are necessary to enable the detection of
Figure 8. A schematics of the laboratory model of the TLS
spectrometer for the Martian Phobos Grunt mission [170].
With the TLS, four near-infrared laser diodes are injected in a
single-path tube filled up with the gases to analyse. The laser
beam are partially absorbed by the ambient molecules. The
gas concentrations for the various isotopologues are then
retrieved from the achieved absorption spectra.
up to 1,000 particles per cm3. Such an instrument performs
counting measurements at a small scattering angle, to retrieve
the size distribution based on the work of [176]. It applies
the principle of the Light Optical Aerosol Counter (LOAC)
optical aerosols counter used since 2013 under all kinds of
atmospheric balloons [178, 177]. These measurements allow
one to retrieve the size distribution of the particles typically
for 20 size-classes in the 0.2-50 µm range. Also, simultaneous
measurements can be conducted at up to 10 scattering angles
in the 20–170◦ range, to retrieve the scattering function for
each size range. The retrieval of the nature of the aerosols can
be conducted by comparing these observed scattering func-
tions to theoretical ones computed for scattering theories, and
to reference measurements obtained in laboratory for solid
particles [179, 180].
Ortho-Para Instrument Vertical mixing in giant planet tro-
pospheres carrying significant heat from the deeper atmo-
spheres to upper levels where it can be radiated to space is
modulated by the atmospheric stability and can be dramatically
changed by the condensation and evaporation of CH4, H2S,
NH3, and H2O. Thermal profiles and stabilities in the colder
outer solar system can be further affected by the atmospheric
hydrogen para-fraction [181]. Hydrogen molecules come in
two types – with proton spins aligned (ortho-hydrogen) or op-
posite (para-hydrogen), each with significantly different ther-
modynamic properties at low temperatures. To interpret the
thermal profile and stability, density structure, aerosol layering,
net fluxes and vertical motions of giant planet atmospheres,
the hydrogen para-fraction must be known, with increasing im-
portance for the colder ice giants. The ortho- to para-hydrogen
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Figure 9. The LOAC instrument used at present for short and
long duration balloon flights. This version performs
measurements at two scattering angles, while more angles are
expected for the space version LONSCAPE
ratio can be measured by exploiting the thermodynamic differ-
ences between these two forms of hydrogen, which affects the
speed of sound. Assuming atmospheric temperature and mean
molecular weight are known, the ortho- to para-hydrogen ratio
can be found from speed of sound measurements using a pair
of ultrasonic capacitive transducers and sophisticated signal
processing techniques. Acoustic travel times can be measured
to ∼10 ns for travel times in the 0.5ms range (one part in 5e-
4) using a high TRL, compact, energy-efficient and low data
volume ultrasonic anemometer originally developed for Mars
[182].
Net Energy Flux Radiometer Giant planet meteorology re-
gimes depend on internal heat flux levels. Downwelling solar
insolation and upwelling thermal energy from the planetary
interior can have altitude and location dependent variations.
Such radiative-energy differences cause atmospheric heating
and cooling, and result in buoyancy differences that are the
primary driving force for giant planets atmospheric motions.
Three notable Net Flux Radiometer (NFR) instruments have
flown in the past namely, the Large probe Infrared Radiometer
(LIR) [183] on the Venus Probe, the NFR on the Galileo Probe
[40], and the DISR on the Huygens Probe [184] for in situ
measurements within Venus, Jupiter and Titan’s atmospheres,
respectively. All instruments were designed to measure the net
radiative flux and upward radiation flux within their respective
atmospheres as the probe descended by parachute. A future
Net Flux Radiometer could build on the lessons learned from
the Galileo probe NFR experiment and is designed to deter-
mine the net radiation flux within all giant planets atmospheres.
The nominal measurement regime for the NFR extends from
∼0.1 bar to at least 10 bars. These measurements will help
us to define sources and sinks of planetary radiation, regions
of solar energy deposition, and provide constraints on atmo-
spheric composition and cloud layers. The primary objective
of the NFR is to measure upward and downward radiative
fluxes to determine the radiative heating (cooling) component
of the atmospheric energy budget, determine total atmospheric
opacity, identify the location of cloud layers and opacities, and
identify key atmospheric absorbers such as methane, ammonia,
and water vapor. The NFR can measure upward and downward
flux densities in multiple spectral channels.
5. International Collaboration
Only ESA/Europe and NASA/USA collaborations are consid-
ered here. However collaborations with other international
partners may be envisaged. For several reasons, the partici-
pation of and contributions from NASA are essential for an
ESA-led entry probe. NASA has proven its ability to send
spacecrafts beyond 5 AU thanks to the use of radioisotope
power systems. Although solar panel technologies likely en-
able the sending of spacecraft up to the distance of Saturn
over the next decade, radioisotope power systems are required
to reach the heliocentric distances of the Ice Giants. Also,
because of their (relatively) small sizes, probes are ideal com-
panion spacecraft to be included in ambitious missions similar
to Cassini-Huygens or Galileo. An ESA giant planet probe
mission could begin its flight phase as an element of a NASA
Saturn, Uranus or Neptune mission (likely a NASA Flagship
or New Frontiers mission). The launch would place both the
NASA spacecraft, which functions also as the probe’s CRSC,
and the probe on a transfer trajectory to the giant planets. One
of the key probe technologies for an entry probe that is critical
for European industry is the heat shield material. If the Euro-
pean TPS is too heavy, then alternative material such as the
NASA HEEET could be utilized in the context of a partnership
between ESA and NASA.
6. Education and Public Outreach (EPO)
The interest of the public in the giant planets continues to be
significant, with much of the credit for the high interest in
Saturn and Jupiter, due to the extraordinary success of the
Cassini–Huygens mission and the currently ongoing Juno mis-
sion. Images from the Saturnian system and Jupiter are regu-
larly featured as the NASA “Astronomy Picture of the Day”,
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and continue to attract the interest of the international media.
The interest and excitement of students and the general public
can only be amplified by a return to Saturn or an unprecedented
mission toward Uranus and/or Neptune. An entry probe mis-
sion will hold appeal for students at all levels. Education and
Public Outreach activities will be an important part of the
mission planning. An EPO team will be created to develop
programs and activities for the general public and students of
all ages. Additionally, results and interpretation of the science
will be widely distributed to the public through internet sites,
leaflets, public lectures, TV and radio programmes, numerical
supports, museum and planetarium exhibitions, and in popular
science magazines and in newspapers.
7. Summary and Perspectives
The next great planetary exploration mission may well be a
flagship mission to Saturn, or one of the ice giant planets. This
could be possibly a mission to Uranus with its unique obliquity
and correspondingly extreme planetary seasons, its unusual
dearth of cloud features and radiated internal energy, a tenuous
ring system and multitude of small moons, or to the Neptune
system, with its enormous winds, system of ring arcs, sporadic
atmospheric features, and large retrograde moon Triton, likely
a captured dwarf planet. The ice giant planets represent the
last unexplored class of planets in the solar system, yet the
most frequently observed type of exoplanets. Extended studies
of Saturn, or one or both ice giants, including in situ measure-
ments with an entry probe, are necessary to further constrain
models of solar system formation and chemical, thermal, and
dynamical evolution, the atmospheric formation, evolution,
and processes, and to provide additional ground-truth for im-
proved understanding of extrasolar planetary systems. The
giant planets, gas and ice giants together, additionally offer a
laboratory for studying the dynamics, chemistry, and processes
of the terrestrial planets, including Earth’s atmosphere. Only
in situ exploration by a descent probe (or probes) can unlock
the secrets of the deep, well-mixed atmospheres where pristine
materials from the epoch of solar system formation can be
found. Particularly important are the noble gases, undetectable
by any means other than direct sampling, that carry many of
the secrets of giant planet origin and evolution. Both absolute
as well as relative abundances of the noble gases are needed to
understand the properties of the interplanetary medium at the
location and epoch of solar system formation, the delivery of
heavy elements to the giant planet atmospheres, and to help
decipher evidence of possible giant planet migration. A key
result from a Saturn, Uranus or Neptune entry probe would be
the indication as to whether the enhancement of the heavier
noble gases found by the Galileo probe at Jupiter (and hope-
fully confirmed by a future Saturn probe) is a feature common
to all the giant planets, or is limited only to the largest gas
giant. This could have broad implications for the properties
of known exoplanets of both giant and ice types, specially in
planetary systems sharing both types of exoplanets.
The primary goal of a giant planet entry probe mission
is to measure the well-mixed abundances of the noble gases
He, Ne, Ar, Kr, Xe and their isotopes, the heavier elements C,
N, S, and P, key isotope ratios 15N/14N, 13C/12C, 17O/16O and
18O/16O, and D/H, and disequilibrium species CO and PH3,
which act as tracers of internal processes, and can be achieved
by a probe reaching 10 bars. In addition to measurements
of the noble gases, chemical, and isotopic abundances in the
atmosphere, a probe would measure many of the chemical and
dynamical processes within the upper atmosphere, providing
an improved context for understanding the chemistries, pro-
cesses, origin, and evolution of all the atmospheres in the solar
system. Moreover, the choice of an ice giant (Uranus or Nep-
tune) entry probe would allow understanding the formation
conditions of the entire family of all giant planets, and to pro-
vide ground-truth measurement to improve understanding of
extrasolar planets. A descent probe would sample atmospheric
regions far below those accessible to remote sensing, well into
the cloud forming regions of the troposphere to depths where
many cosmogenically important and abundant species are ex-
pected to be well-mixed. Along the descent, the probe would
provide direct tracking of the planet’s atmospheric dynam-
ics including zonal winds, waves, convection and turbulence,
measurements of the thermal profile and stability of the at-
mosphere, and the location, density, and composition of the
upper cloud layers. Results obtained from a giant planet en-
try probe, and more importantly from an ice giant probe, are
necessary to improve our understanding of the processes by
which all the giants formed, including the composition and
properties of the local solar nebula at the time and location of
ice giant formation. By extending the legacy of the Galileo
probe mission, Saturn, Uranus and/or Neptune probe(s) will
further discriminate competing theories addressing the forma-
tion, and chemical, dynamical, and thermal evolution of the
giant planets, the entire solar system including Earth and the
other terrestrial planets, and the formation of other planetary
systems.
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